Terbium-terbium interactions in terbium doped semiconductors and insulators may lead to the so-called cross-relaxation process, which increases the 5 D 4 (green) emission of the terbium ions at the cost of the 5 D 3 (blue) luminescence intensity. This effect can generally be reduced by increasing the distance between an excited ion and the nearest ion in the ground state. A straightforward measure is to use a specimen with a decreased terbium concentration. The alternative is to increase the intensity of the excitation (either by photons or electrons) and thereby to reduce the population of terbium ions in the ground state. This paper works this process out with the example of AlN:Tb on the basis of a model and respective experimental results. As will be seen, stronger excitation causes in essence more Tb ions to be excited, thus less ions in the ground state which increases the distance between an excited and the nearest ground state ions. This hinders energy transfer between the terbium ions and thus counteracts the cross-relaxation process. The advantage of changing the excitation intensity lies in the possibility to deliberately shift the apparent colour of the Tb luminescence from a single specimen between green and blue. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Rare earth doped semiconductors 1 exhibit narrow emission lines, which are almost insensitive to external factors like the temperature 2 or the surrounding matrix. 3 This insensitivity and the narrow spectral width of the emission lines makes these materials promising candidates for phosphors, 1, 4 optical data transfer, 5 and low cost bio sensing. 6 In fact, europium was and still is widely used particularly for red emission in cathode ray tube (CRT) displays, electric discharge lightning and in plasma screens. 7 However, the radiative lifetimes of the rare earth ions are, compared to other atomic processes, quite long (typically on the order of milliseconds). [8] [9] [10] Therefore, non-radiative processes, e.g., resulting from ion interactions, emerge as undesired intensity reducing competitors.
An important non-radiative process is, for example, a transfer of energy between individual ions which is the higher in probability the smaller the interspace is. Repetition of this transfer enhances the chance to lose the excitation energy to a non-radiative recombination process and thus to a corresponding reduction in the luminescence intensity. 11 This energy transfer is practically independent of the structure and chemical nature of the matrix material, as long as the bandgap is sufficiently large. Two mechanisms can be discriminated: first, "concentration quenching" by which the luminescence intensity of the whole spectrum is reduced by a smaller average interspace (higher concentration) of the rare earth ions. The second mechanism, "cross relaxation," is very pronounced in the case of terbium. It is sketched in Figure 1 . One ion, A, is excited into the 5 Cross-relaxation can thus be reduced and suppressed by choosing an appropriately small rare earth concentration (correspondingly large ion interspace) as has recently been proven by a significant increase of the blue emission relative to the green emission from terbium-doped lead phosphate glasses 12 and in terbium-doped yttrium oxyorthosilicates. 13 Blue emission can also be enhanced by a high excitation intensity 14 that causes an excessive population of excited states which in turn increases the distance between an excited ion and a still available ion in the ground state. The present paper treats jointly both the dependency of the terbium luminescence on rare earth concentration and on excitation intensity.
II. THEORETICAL ASPECTS
Two common atomistic models exist for interactions leading to energy transfer and thereby causing both crossrelaxation and concentration quenching: exchange interaction that requires the wavefunctions to overlap and electrostatic interaction that acts over much larger distances. In the case of exchange interaction, the probability for an energy transfer p 
with the distance between the two ions, r, and a characteristic atomic length, r 0 . In the case of electrostatic interaction, the F€ orster formula gives the probability for an energy transfer p ET elec:
with m depending on the mode of interaction (m ¼ 6, 8, 10 for dipole-dipole, dipole-quadrupole, and quadrupolequadrupole interaction, respectively) and the F€ orster radius, r F . For real materials, a combination of both processes is expected. The case of exchange interaction shall be outlined here as an example.
Equations (1) and (2) give the energy transfer probabilities for a pair of ions only. In order to describe an ensemble of many ions, it is feasible to replace the distance between the ions, r, by an average ion interspace, hri. This interspace can be calculated from the ion number density, n, e.g., by the distribution function qðrÞ proposed by Chandrasekhar 17 for a random distribution modified 11 by a minimum distance d 0 that is given by twice the ionic diameter
In view of the cross-relaxation, however, the interspace between an ion in the excited state and an ion in the ground state hr exÀgr i is of interest instead of the overall ion interspace as calculated from Eqs. (3) and (4). Figure 2 illustrates this fact: For only few excited ions, the overall ion interspace hri is approximately equal to the distance between an excited ion and the nearest ion in the ground state hr exÀgr i ( Figure  2(a) ). For larger number densities of excited ions (cf. Figure  2 (b)) hr exÀgr i is always larger than hri. Since the overall number density is constant n ¼ n gr þ n exc (with the number density of unexcited n gr and excited ions n exc ), both distances depend on each other. The interspace is generally proportional to n À 1 3 , the proportionality factor d accounts for the used distribution function. Therefore, the following equations yield for the interspace r exÀgr :
with the fraction of ions in the excited state x exc ¼ n exc n . Equation (6) is plotted in Fig. 3 as a continuous line.
We have used our statistical model, previously developed for describing concentration quenching, 18 to test this equation. A certain number of points (17 500; 15 000; 12 500; 10 000 and 1000) randomly distributed in a cube of fixed edge length has been calculated with this Monte-Carlo based simulation. Subsequently, a certain fraction of these points were assumed to be "excited." A numerical algorithm calculated hri and hr exÀgr i. Figure 3 contains the numerically obtained data. The data are identical for all number densities, i.e., analytical and statistical descriptions agree perfectly.
For 
For the sake of simplicity, we set a ¼ b ¼ 1 for the following discussion, therefore, we obtain Ið À3 and 1.6 Â 10 21 cm À3 were prepared by reactive DC magnetron sputtering. Two aluminum targets (150 W sputtering power each) and one terbium target (sputtering power variable between 2 and 12 W) were used for adjusting the terbium concentration. The sputtering atmosphere consisted of a mixture of argon and nitrogen with a total pressure of 6 Â 10 À3 mbar. After sputtering, the samples were annealed at 1000 (8C for 30 min under a 1 bar nitrogen atmosphere.
The terbium number density was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) of samples with a known volume. Supplemental X-ray photoelectron spectroscopy investigations matched with the results obtained by ICP-OES. The microstructure of the samples consists basically of a columnar grain structure (determined by transmission electron microscopy, not shown here, see Ref. [11] ). X-ray diffraction confirmed the aluminum nitride wurtzite structure.
Photoluminescence spectroscopy (PL) was applied to measure the emission lines originating from the transitions 5 D 3 ! 7 F 6 and 5 D 4 ! 7 F 6;5 . A Fluorolog 3 FL-22 spectrometer (Horiba Scientific), equipped with a standard photomultiplier tube served to collect the data. The spectra were recorded with a sampling of 1 point per nanometre (emission bandpass: 4 nm). The integration time per point was 2 s, each spectrum was recorded five times and averaged. The acquired spectra were baseline corrected and integrated in order to obtain the respective integrated intensities. As excitation source 304 nm radiation as monochromised from a 450 W xenon lamp was used, if not otherwise stated. This particular wavelength was used since it corresponds to the largest intensity obtained from a photoluminescence excitation (PLE) spectrum as shown in Figure 5 (a) by the solid line. There is a second peak at 255 nm which actually corresponds to an even higher excitation efficiency. This becomes obvious (see below) when the PLE intensities are normalised to the lamp spectrum, see solid line in Figure 5(b) .
The integrated excitation intensity as monitored by a standard Si photodiode, previously calibrated with appropriate optical sensors (Coherent LM-2 UV and LM-2 VIS), was varied by changing the bandpass of the excitation monochromator. Figure 5 (c) shows the light power densities for the used bandpasses at a central wavelength of 304 nm.
At this point, we would like to comment in some detail on the results shown in Figure 5 as they lead to a first notion of the molecular processes during annealing. The PLE peak around 304 nm (cf. Figure 5(a) ) is present in all terbium doped samples be it in the as-grown or annealed states. Undoped aluminum nitride samples exhibit an emission peak at around 304 nm. 19 As-grown terbium doped samples also exhibit this emission peak (cf. Figure 5(b) ) which, however, disappears on annealing. These results indicate that (i) the excitation is due to excitation of an intrinsic lattice defect of AlN, (ii) in the presence of terbium a high energy transfer probability from the excited lattice defect to the terbium ion exists, (iii) which causes the 304 nm emission to decrease during annealing treatments although it is still present in the PLE spectrum. These results suggest that this (otherwise unidentified) lattice defect resides in intimate vicinity to a terbium ion. In contrast, no luminescence corresponding to the intensity ratio as a function of both ion number density and excitation intensity. The number density is used for better comparison with experimental results. Shown are isolines with arbitrary values, in order to demonstrate that all isolines are straight. 
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. All spectra are normalised to the highest observed intensity. One can clearly see that the peak corresponding to the 5 D 3 ! 7 F 6 transition increases relative to the 5 D 4 ! 7 F 6 peak with increasing excitation density. For comparison also shown are cathodoluminescence data (dotted curve) obtained by Lozykowski et al. 21 with very high beam currents. This spectrum demonstrates that for sufficiently high excitation intensity a 5 D 3 = 5 D 4 ratio of almost unity is possible. Figure 7 shows the experimentally determined 5 D 3 = 5 D 4 ratios as a function of the terbium number density and the excitation intensity. The proposed trend, i.e., higher intensity from 5 D 3 at lower concentrations and higher excitation intensities (cf. Figures 4 and 7) can clearly be seen. Furthermore, signal fluctuations cause some troughs that deviate from the anticipated linear isolines.
Some luminescence results obtained with a rather high excitation intensity are available from the work of Lozykowski et al. 21 and are introduced in Figure 6 . As obvious, a 5 D 3 = 5 D 4 ratio of almost unity can be reached. However, directly comparing both excitation methods is difficult because of the completely different excitation processes: In the case of photoluminescence, the used radiation has an energy smaller than the bandgap and thus excitation of terbium ions occurs via direct excitation and/or localised bandgap states (like bound excitons, 2 charge transfer states 20 or point defects). In this case, every photon can excite one of these states and thus one single ion at most. In the case of cathodoluminescence, each electron having a kinetic energy much larger than the energy required to produce one electron-hole pair can generate many electron-hole pairs, 22 i.e., can excite many terbium ions at once. The excitation intensity p exc (that ultimately rules the population in the excited state) thus depends on two terms: the rate C with which photons or electrons are impinging on the sample and an excitation efficiency gðEÞ characteristic for the respective excitation mechanism
This efficiency may thus be much higher for cathodoluminescence (CL) than for PL as seen in Figure 8 . It shows for comparison reasons our experimental curve for excitation with electrons (beam current densities between 0:13 lA mm 2 and 4:10 lA mm 2 at an acceleration voltage of 10 kV) in addition to the photonic excitation curve. The slope of the CL curve is in fact rather steep (mind the logarithmic scale) indicating that the value of g is considerably larger than for PL. One may associate this steep curve with the high excitation range of Figure 3 . In fact, shifting the experimental CL curve to the right until it meets the photon curve indicates that one 10 keV electron on average excites the same number of terbium ions than 150 photons. For comparison according to Owens and Peacock, 22 the average energy for creating an electron-hole pair by one electron in aluminum nitride is 15.2 eV (practically independent of the initial electron energy, see Klein 23 ). Accordingly, one 10 keV electron, as used here, would create 660 electron-hole pairs. Thus, it could be concluded that 100 electron-hole pairs have the same excitation probability as 23 photons with a wavelength of 304 nm.
V. CONCLUSION
At sufficiently high excitation energy both blue ( 5 D 3 ) and green ( 5 D 4 ) luminescent emission of terbium can be excited. Earlier and recent work indicates that the intensity ratio of blue to green depends on the concentration of the ions, which was recently confirmed for terbium in glass and crystalline phosphor matrices. 12, 13 This intensity ratio depends also on the excitation intensity as already indicated earlier.
14 Both dependencies on concentration and on excitation intensity have been treated and explained here in some detail on the basis of a rate equation model and with our new results complemented with literature results. The main outcome is that it is essentially the distance between an excited terbium ion and the nearest ion in the ground state (pivotal distance) which governs the 5 D 3 = 5 D 4 luminescence ratio. The smaller this distance the higher the chance for cross relaxation, i.e., depopulation of the 5 D 3 state (blue) in favour of the 5 D 4 state (green) by transferring the corresponding energy difference with higher chance to the nearby ground state ion (exciting it within the 7 F level family). This pivotal distance can simply be controlled by selecting an adequate terbium concentration, yielding a fixed apparent colour of the luminescence determined by the actual value of the green to blue emission ratio. This paper shows that increasing excitation intensity leads to an increasing number density of excited terbium ions, thus a lower density of ground state ions and a larger pivotal distance. Changing the excitation density controls the apparent colour of the luminescence from terbium between blue (high excitation intensity) to green (low excitation intensity) with one sample. The comparison of cathodoluminescence (high excitation range) with 30 keV electrons to photoluminescence (low excitation range) with wavelength 304 nm suggests that 100 electronhole pairs produced by electrons pairs have approximately the same excitation probability as 23 photons.
with the probabilities for excitation, radiative-and nonradiative recombination, and energy transfer p exc , p i rad ; p i nonÀrad , and p ET , respectively. n i are the number densities in the respective states i. The constant c (which has a value between 0 and 1) accounts for the fact that only a fraction of all energy transfers lead to cross-relaxation. We solved this equation for the stationary case (t ! 1) with the boundary conditions n5 
